Abstract-Interleukin (IL)-6 plays an important role in the pathogenesis of coronary heart disease (CHD). Two functional polymorphisms in the IL-6 promoter have been identified (Ϫ174GϾC and Ϫ572GϾC), with both the rare alleles being associated with higher plasma levels of IL-6 after bypass surgery and one of them (Ϫ174GϾC) associated with CHD risk.
I
t is now clear that inflammation plays a role in the pathogenesis of coronary heart disease (CHD). Inflammation is characterized by a local reaction, which may be followed by activation of a systemic acute-phase reaction. 1 In this context, the acute-phase reactant interleukin (IL)-6 plays a major role by upregulating the synthesis of acute-phase proteins, including fibrinogen and C-reactive protein (CRP), from hepatocytes. 2, 3 IL-6 is a pleiotropic cytokine involved in regulation of the acute-phase response. 4 IL-6 promotes coagulation in animal models 2, 5 and may thus increase the risk of an arterial thrombotic event. It may also be an indirect indicator of more specific underlying pathologies that could increase risk. Higher IL-6 levels may cause cellular damage, such as oxidative stress, which activates nuclear factor-B. 6 Furthermore, IL-6 may be counterregulatory for tumor necrosis factor (TNF)-␣ and IL-1␤. 7 Elevated IL-6 levels are common in patients with CHD and unstable angina, particularly in smokers 8 ; in the Physicians Health Study, baseline IL-6 levels were higher in those who subsequently suffered a myocardial infarction (MI) than in those remaining healthy, with a graded relationship between IL-6 levels and risk. 9 IL-6 is strongly correlated with plasma concentrations of inflammatory or hemostatic factors, such as CRP and fibrinogen, 10, 11 but risk in the Physicians Health Study remained statistically significant after adjustment for levels of CRP. 9 Two common functional polymorphisms have been found in the promoter region of the IL-6 gene, Ϫ174GϾC and Ϫ572GϾC. 12, 13 Initial studies suggested that the Ϫ174C allele was associated with lower plasma levels of IL-6, 12 but later studies found higher levels in subjects with aneurysmal disease, 14 in patients undergoing coronary artery bypass grafting (CABG), 15 and in newborns, but not in adults. 16 Carriers of the Ϫ572C allele had higher levels of IL-6 than did GG subjects in the inflammatory state after CABG but not at baseline (before the operation). 15 These data suggest that there is a genetically determined difference in the degree of the IL-6 response to a stressful or inflammatory situation that is influenced by these promoter variants.
The magnitude of these genotype effects is likely to be of biological significance in causing an elevated risk of atherosclerosis and thrombosis and greater predisposition to CHD, and in 3 studies, the Ϫ174C allele was associated with higher CHD mortality. 14, 17, 18 In the present study, we investigate the relationship of these polymorphisms with the risk of CHD in the West of Scotland Coronary Prevention Study (WOSCOPS), which demonstrated a significant reduction in CHD events in men treated with pravastatin. 19 The prespecified analytical strategy was to compare the risk associated with IL-6 genotype in the placebo and pravastatin groups and to explore the impact of genotypes on pravastatin treatment.
Methods

Study Subjects
The design of the present study has been described previously. 20 The study was composed of 6595 moderately hypercholesterolemic men aged 45 to 64 years with no history of MI and with normal renal and hepatic function who were randomized to receive placebo or pravastatin. Individuals who, during the (average) 4.8 years of follow-up, experienced a definite fatal or nonfatal MI or sudden coronary death or who required CABG or angioplasty were defined as cases. 20 Two controls per case were matched by age (2-year bands) and smoking habit (2 categories, ie, current smokers and past/never smokers) and consisted of those individuals free of cardiovascular events during follow-up. The ethics committee of the Glasgow Royal Infirmary approved the present study.
Plasma Measurements
Fasting serum lipids were measured as described. 21 CRP and IL-6 were measured by use of commercial assays (R&D Systems). 15, 21 Interassay and intra-assay coefficients of variation were 6.2% and 1.9%, respectively, and assay sensitivity Ͼ0.1 mg/L and assay sensitivity Ͻ0.70 pg/m were 5% and 3%, respectively. Plasma fibrinogen was assayed by heat-precipitation nephelometry. 22 IL-6 was determined in a randomly selected sample of the genotyped individuals, with 100 controls and 65 cases chosen from each Ϫ174GϾC genotype group. Actual numbers obtained vary slightly because of the unavailability of some of the selected samples.
Genotyping
DNA extraction and genotyping were as previously described. 17 
Statistical Methods
Differences in the number of cases and controls that have previously been reported 19, 22 and those in the present study are due to missing samples or technical difficulties in the extraction of DNA or in obtaining the IL-6 genotype. The effects of the covariates, including genotype, were examined in univariate analysis and, simultaneously, by conditional logistic regression analysis in the whole group and in subjects randomized to placebo or pravastatin. Significance was calculated by using either the Wald test or likelihood-ratio tests. Plasma levels of triglycerides and CRP were highly skewed and were normalized by logarithmic transformations, and untransformed data and approximate SEs are presented.
Results
The baseline characteristics of the genotyped men with and without a coronary event are presented in Table 1 . Because of the matching criteria, age and proportion of current smokers were similar in these 2 groups and similar to those reported previously. 19, 22 Body mass index (BMI), several lipid traits, and fibrinogen and CRP levels were significantly higher in the cases than in the controls. The distribution of genotypes for both Ϫ174GϾC and Ϫ572GϾC polymorphisms did not differ from Hardy-Weinberg proportions in either cases or controls, and the rare allele frequencies in the nonevent group were similar to those reported previously in healthy UK men. 17 Overall, there was no significant difference in the genotype frequency for either polymorphism between cases and controls; thus, there was no significant effect of these genotypes on risk either before or after adjustment for classic risk factors measured at baseline (age, BMI, HDL cholesterol, LDL cholesterol, blood pressure, logarithmic triglyceride level, and alcohol intake). However, there was suggestive evidence for heterogeneity of genotype effect in the placebo and pravastatin groups (Pϭ0.06). As shown in Table 2 , compared with the men in the placebo group homozygous for the common G allele, neither the GC group nor the CC group of men showed a significantly higher risk, although those with the genotype CC showed the highest risk of CHD (odds ratio [OR] 1.26, genotype effect in placebo Pϭ0.33). In the pravastatin-treated group, the relative risk in the GG and GC men was significantly lower than in the GG placebo men, reflecting the protective benefit of pravastatin, but there was no significant difference in the risk between these 2 groups. However, for the pravastatin group, the frequency of the Ϫ174C homozygotes was 10.2% in the cases versus 16.6% in the controls (Pϭ0.056, Table 1 ), and those with the CC genotype had a significantly lower risk of CHD than did the GG placebo men (OR 0.46, 95% CI 0.27 to 0.79; genotype effect in pravastatin group Pϭ0.019). This lower risk remained statistically significant (Pϭ0.02) after adjustment for baseline classic risk factors (not shown). Because the risk estimates in the GG and GC men in the placebo group were similar, data from these groups were combined, and as shown in the Figure, after adjustment for classic risk factors along with fibrinogen and CRP, men in the placebo group with the genotype CC had an OR of 1.19 (95% CI 0.80 to 1.77), whereas in the treatment group, these estimates were 0.75 (95% CI 0.58 to 0.97) for the GGϩGC men and 0.42 (95% CI 0.21 to 0.84) for the CC men (genotype-treatment interaction Pϭ0.014). There was no evidence of a significant effect of Ϫ572GϾC genotype on risk and no evidence of heterogeneity of effect in the placebo and treatment arms (Table 2) . To examine the possible mechanism of the Ϫ174GϾC genotype risk effect, the relationship between genotype and levels of CHD risk factors was determined. As shown in Table 3 , homozygotes for the Ϫ174C allele had among the highest mean levels of fibrinogen, CRP, and IL-6, and for IL-6, compared with the levels in the GGϩGC group, levels in the CC group were 8% higher in controls and 19% higher in cases, but none of these differences were statistically significant. There was no significant difference in the levels of these proteins according to Ϫ572GϾC genotype (Table 3) . There were no significant differences for either genotype within the case and control groups for BMI, smoking, blood pressure, triglyceride levels, total and HDL cholesterol levels, or alcohol consumption (not shown).
To evaluate the possibility that the IL-6 genotype might be influencing the response to pravastatin, plasma levels of LDL cholesterol, HDL, fibrinogen, and CRP at baseline and on treatment were examined according to 174GϾC genotype. As expected for a randomized trial, none of the baseline characteristics were significantly different between the placebo and statin groups, the genotype distribution was as expected for HardyWeinberg proportions, and the allele frequencies were not different between groups (not shown). Although at baseline, LDL cholesterol levels were similar by genotype (Table 4) , after 1 year of treatment, the reduction in LDL cholesterol was greater in the CC group than in the GGϩGC group, and the greater fall in the CC group was statistically significant (28% [CC] versus 24.2% [GGϩGC], Pϭ0.036). By contrast, in the placebo group, both genotype groups showed a modest and similar fall in LDL cholesterol (1.2% [CC] versus 1.6% [GGϩGC], Pϭ0.71) by 1 year. Although with treatment there were larger declines in fibrinogen and CRP and a larger elevation in HDL levels in the CC group compared with the GGϩGC group, none of these differences were statistically significant.
Discussion
Inflammation is now strongly implicated in the process of atherosclerosis and clinical cardiovascular disease, 23 with OR (error bars indicate 95% CI) for CHD events by IL-6 Ϫ174GϾC (with the GG genotype as reference group) in the placebo and pravastatin group separately. Probability values for homogeneity of genotype effects from multivariate regression analysis after adjustment (Adj) for age, BMI, systolic blood pressure (SYS), LDL cholesterol (Chol), triglycerides (Tg), HDL Chol, fibrinogen (fib), and CRP are given. Overall treatment indicates effect of genotype interaction after adjustment. Pϭ0.014. inflammation being involved in all stages of atherosclerotic development, including oxidative damage, 24 cell proliferation, and plaque development and destabilization, 25 as well as coagulation, thrombosis, and fibrinolysis. 5 If inflammation is both a cause and a consequence of CHD, the plasma levels of acute-phase proteins, such as IL-6, fibrinogen, and CRP, will be markers of the magnitude of inflammatory response and the severity of cardiovascular disease, and genetic polymorphisms that determine the rate of acute-phase protein production would be important genetic risk factors. WOSCOPS has previously reported that mean plasma levels of fibrinogen and CRP were higher at baseline in men who subsequently had a CHD event than in those who remained event free, 22 and we have now examined the impact on CHD traits and CHD risk for 2 promoter polymorphisms in the IL-6 gene that have been shown in vitro to affect transcriptional strength 12, 13 and are thus functional.
For the Ϫ572GϾC polymorphism, no association was observed with levels of any trait or risk. The low frequency of the Ϫ572C allele means that the sample has adequate power to detect only a 1.85-fold higher risk in carriers, and although it cannot be ruled out that this polymorphism may have an effect on risk in some situations, the WOSCOPS data 17 confirm that this polymorphism has negligible or extremely modest effects on determining plasma levels of inflammatory markers, such as CRP and fibrinogen, and risk in middle-aged men.
In 3 previous prospective studies, 14, 17, 18 it has been reported that compared with GG subjects, those carrying Ն1 Ϫ174C 18 the risk estimates in the GC and CC genotype groups were similar (1.31 and 1.35) but only significant in the larger GC group (PϽ0.02). A study of aneurysm patients 14 noted that compared with the GG subjects, risk for cardiovascular mortality was 2.83 in the GC subjects (Pϭ0.06) and 3.41 in the CC subjects (Pϭ0.06) and was statistically significant in the combined group (2.95, 95% CI 1.01 to 8.65; Pϭ0.047). Therefore, it is surprising that the GC genotype was not associated with a risk of CHD in the WOSCOPS placebo group and that only in the CC group was there a suggestion of higher risk, but this effect was smaller than that found in previous studies and was not statistically significant. One possible explanation for this is that the presence of other risk factors in the WOSCOPS men (such as the high plasma cholesterol levels that were part of the recruitment criteria) has reduced the impact of the inflammatory effect of the IL-6 genotype. However, the CI of the risk estimate in men in the WOSCOPS CC placebo group overlaps that reported in published data 14, 17, 18 ; thus, there is no significant evidence of risk heterogeneity among these 4 studies. In NPHS, there was evidence that the Ϫ174C allele risk effect was greater in current smokers, but because the WOSCOPS cases and controls selected for the genetic study were matched for smoking habit, it was not possible to carry out this analysis in the sample. The relationship between IL-6 genotypes and plasma levels of IL-6 appear to be complex. In the first report of 102 healthy subjects, the Ϫ174CC group had the lowest levels, 12 but in 3 subsequent large studies, the Ϫ174C allele has been associated with higher levels of IL-6 14 -16 and with IL-6-related proteins, such as CRP, 14, 17 but this effect was statistically detectable only in subjects with inflammation, such as those with aneurysmal disease 14 or after birth trauma. 16 In a group of patients undergoing CABG, preoperative IL-6 levels did not differ by Ϫ174GϾC or Ϫ572GϾC genotype, but 6 hours after the inflammatory trauma of the operation, levels were significantly higher in carriers of either of the C alleles. 15 The WOSCOPS data showed no statistically significant association between IL-6, fibrinogen, or CRP levels with genotype, although the CC group had among the highest mean plasma levels of all of these proteins. Therefore, the lack of a statistically significant association between these IL-6 genotypes and baseline levels of IL-6 and CRP is in line with recent studies of subjects who did not experience an inflammatory trauma. [15] [16] [17] The modestly higher baseline levels in subjects who subsequently suffered a CHD (ie, those who probably had inflammatory atherosclerosis) support the exaggeration of the C alleleraising effect in an inflammatory situation. 15, 16 The major novel finding of the present study is that in the pravastatin-treated men, those with the CC genotype had a significantly lower risk of a subsequent CHD event than did the GGϩGC placebo group. All IL-6 genotype groups showed significant benefit from pravastatin treatment; however, after baseline CHD risk factors were taken into account, compared with the GGϩGC placebo group, men in the treatment group with the GGϩGC genotype had 25% lower risk (OR 1 reduced to OR 0.75), whereas in the CC group, risk was 77% lower than that in the CC placebo men (OR reduced from 1.19 to 0.42). Because the lower risk remained statistically significant after adjustment for baseline classic risk factors, including CRP and fibrinogen, we hypothesized that the protective effect of the CC genotype in the treated group was likely to be due to either a greater pravastatin lipid-lowering effect or a greater inflammation-lowering effect in this genotype group. The analysis of the WOSCOPS data suggests that both of these effects may be involved.
Results from the Physicians Heart Study showed that the benefit of aspirin treatment was greatest in subjects with elevated baseline CRP levels. 26 This suggests that the benefit of antiinflammatory treatment may be greatest in those with highest inflammation, and several studies have now identified an antiinflammatory effect of statin treatment. Ridker et al 27 showed that among MI survivors, pravastatin significantly reduced CRP levels by 17% independently of the effect on serum lipids, with the average fall in CRP in these WOSCOPS men being of similar magnitude (14.5%). A crossover study in hyperlipidemic subjects comparing several statins demonstrated that CRP levels fell by Ϸ30% over a 6-week period although the IL-6 levels did not, 28 with this lack of effect on IL-6 levels being confirmed in a 12-week study using simvastatin. 29 In support of these findings, we have reported that in a group of patients undergoing CABG, baseline levels of IL-6 were not significantly different for those taking statins versus those not taking statins, although peak IL-6 levels 6 hours after bypass were significantly lower in the statin group, 30 indicating that statins may inhibit the acute inflammatory IL-6 increase. TNF-␣ levels have been reported to be lower in patients treated with pravastatin, 31 and in vitro pravastatin downregulates several inflammatory markers in human monocytes/macrophages 32 and also results in lower IL-6 mRNA levels in human umbilical vein endothelial cells. 33 The 1-year data from the WOSCOPS men suggests that the lower risk associated with the CC genotype in pravastatintreated patients is in part associated with a greater reduction of inflammatory markers, with the fall in CRP plasma levels being Ϸ1.7-fold greater in the CC group than in the GGϩGC group, although the difference was not statistically significant. Overall, in WOSCOPS, no effect of pravastatin on fibrinogen levels was observed, 22 and although fibrinogen levels were lower in the CC group after 1 year of treatment and rose slightly in the GGϩGC group, these differences were not statistically significant. However, although baseline levels of LDL cholesterol were not significantly different by Ϫ174 genotype, there was a greater and beneficial difference in the response to treatment in the CC group, with the fall in LDL cholesterol levels being Ϸ1.16-fold greater than that in the GGϩGC group. The very small changes in LDL levels seen in the placebo group were not different in those with different Ϫ174GϾC genotypes.
Because the IL-6 Ϫ174GϾC genotype is unlikely to be having a direct effect on lipoprotein metabolism, these data suggest that changes in plasma (or locally produced) IL-6 levels (or possibly CRP levels) on pravastatin treatment may be having an effect on Ն1 component of lipoprotein production from the liver or lipoprotein clearance from the circulation and that there is some evidence that cytokines have effects on lipid metabolism. HepG2 cells cultured with IL-1 and IL-6 show reduced secretion of apoB, 34 suggesting that lower IL-6 would lead to higher apoB secretion. IL-6 stimulates LDL receptor gene expression via the activation of sterol-responsive elements and stimulatory protein-1-binding elements, 35 suggesting that an inflammatory stimulation would be hypolipidemic. This may explain why cholesterol levels fall after an MI, but lowering IL-6 with statin treatment would be predicted to downregulate LDL receptor expression and lead to slower LDL clearance and higher plasma cholesterol levels, which is opposite to the effect seen in the present study.
Although treatment with pravastatin reduced the risk of CHD in men irrespective of the IL-6 Ϫ174 genotype, this benefit was particularly evident in the CC group, who represent 16% of the sample. Although the data in WOSCOPS is at best suggestive that the CC group has high inflammation, previous studies 14 -16 strongly support the view that this genotype is associated with higher plasma IL-6 levels in an acute inflammatory situation. This result needs to be confirmed, and the mechanism should be explored in further studies, but if correct, it supports the concept that subjects with high inflammation may benefit most from anti-inflammatory treatments, such as aspirin or statins. 26, 27 
